Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

12-11-2015

Design and Development of a Stormwater Policy Decision-Making
Tool
Stephanie Joy Sigman

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Sigman, Stephanie Joy, "Design and Development of a Stormwater Policy Decision-Making Tool" (2015).
Theses and Dissertations. 1292.
https://scholarsjunction.msstate.edu/td/1292

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template B v3.0 (beta): Created by J. Nail 06/2015

Design and development of a stormwater policy decision-making tool

By
TITLE PAGE
Stephanie Joy Sigman

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Landscape Architecture
in Landscape Architecture
in the Department of Landscape Architecture
Mississippi State, Mississippi
December 2015

Copyright by
COPYRIGHT PAGE
Stephanie Joy Sigman
2015

Design and development of a stormwater policy decision-making tool
By
APPROVAL PAGE
Stephanie Joy Sigman
Approved:
____________________________________
Warren C. Gallo
(Major Professor)
____________________________________
Peter R. Summerlin
(Committee Member)
____________________________________
James L. Martin
(Committee Member)
____________________________________
Michael Seymour
(Graduate Coordinator)
____________________________________
George M. Hopper
Dean
College of Agriculture and Life Sciences

Name: Stephanie Joy Sigman
Date of Degree: December 11, 2015

ABSTRACT

Institution: Mississippi State University
Major Field: Landscape Architecture
Major Professor: Warren C. Gallo
Title of Study: Design and development of a stormwater policy decision-making tool
Pages in Study 93
Candidate for Degree of Master of Landscape Architecture
Municipalities tend to develop their stormwater management policy by examining
those of their neighboring communities, chosen out of convenience and perception of
similarity rather than a purposeful, directed search. Alternatively, having a policy that is
backed by science creates regulations that policy makers can confidently support. To
address this issue, the model used in this study incorporates local rainfall and
development data to analyze stormwater runoff volumes for various storm events using
one year of development data from Chattanooga, Tennessee. The runoff values are used
to analyze several policy combinations based on simplified policies, model policies, and
customizable policies. Outputs of the tool include project count, impervious area
managed, runoff managed, and runoff cleaned. This study indicates that stormwater
managers can use the outputs of this tool to choose the policy that best meets their city’s
unique goals.
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INTRODUCTION
Introduction
Using one-year of development data from Chattanooga, Tennessee, this study
explores the effects of different combinations of stormwater policy components including
applicability thresholds, detention requirements, and water quality requirements in order
to examine the proposed stormwater policy decision-making tool and its usefulness based
on what the city provides. This chapter will introduce the contents of this study.
Goals and Objectives
The main goal of this study is to explore how a stormwater management policy
decision-making tool could be used to analyze policy effectiveness over time. Objectives
have been defined to meet this goal:
1.

Conduct a literature review to explore stormwater, the history and current
state of stormwater management, and stormwater policy components.

2.

Create a stormwater management policy decision-making tool that utilizes
local development data and assesses outcomes of various policies.

3.

Analyze the outputs of the tool for usability in stormwater policy decisionmaking.

4.

Make conclusions based on the results of the tool and recommendations
for further development and future research.

1

Scope of Study
The purpose of this study is to examine a stormwater management policy
decision-making tool and its ability to provide necessary information to inform the
stormwater policy decision process. The scope of this study specifically focuses on using
local development data and varying applicability thresholds, detention requirements, and
water quality requirements to explore the effects of potential stormwater policies. While
the tool could be widely applied, this study uses development data from Chattanooga,
Tennessee, as a case study.
Precedent to Study
“An Approach for Communities to Assess Stormwater Application and Detention
Requirements for Overall Watershed Health” is a precedent study on this topic completed
by Katherine Lunstrum. This previous study was performed using data from Starkville,
Mississippi, which is a rural city with limited development information (Lunstrum 2012).
Initiation of Study
This study is conducted based on the need for advancement on the previous
research by Katherine Lunstrum and the overall lack of research on the act of
transforming science into policy for stormwater management. Examining the results of
this study, recommendations are made for further developing this tool for ease of use and
widespread applicability for cities.
Organization of Thesis
The remainder of this thesis is organized by literature review, methods, results,
discussion, and conclusions. The literature review covers the effect of development on
2

stormwater, stormwater management paradigms, attributes of successful stormwater
management, the current state of stormwater management, and stormwater management
policy components. The methods section explains data sources, the method for obtaining
experimental units of runoff volume, and the process of performing policy modeling. The
results chapter states the outputs of the policy modeling from the stormwater
management policy decision-making tool, and the discussion elaborates on these results
and their implications. The conclusions chapter makes final conclusions on the study,
recommendations for further advancement of the tool, limitations of the study, and
suggestions for future research.

3

LITERATURE REVIEW
Introduction
This literature review was conducted in order to gain a better understanding of the
topics related to this study. It serves as an introduction to the effects of development on
stormwater, stormwater management paradigms, successful stormwater management, the
current state of stormwater management, and stormwater policy components. A review of
these topics together will inform further research into the determination of applicability
thresholds and detention requirements of stormwater management policies as examined
through a particular city’s development.
Effect of Development on Stormwater
In the natural, undeveloped environment trees intercept rainfall, natural
depressions hold water temporarily, and the top layer of the forest floor absorbs rainfall.
When manmade development occurs, significant changes occur in the hydrologic cycle.
In the traditional development approach, clearing and grading during the initial
construction phase causes a distinct change in the hydrology of a site. Trees are no longer
present to intercept the rainfall as they once did. The natural depressions are graded to a
uniform slope. The absorbent top layer of soil is removed, eroded, or compacted. All of
these changes mean that less water is infiltrated or absorbed by the natural environment,
which in turn means the amount of rainfall that becomes stormwater runoff is increased.
4

Consequently, groundwater is not recharged, causing a decrease in availability of this
resource (Center for Watershed Protection 2000).
After construction, the hydrological situation becomes worse. Impervious surfaces
such as rooftops, roads, parking lots, and driveways all prevent rainfall from infiltrating
and increase the speed at which the runoff moves (Center for Watershed Protection
2000). When increased flows reach streams, the high volume and speed of water erodes
stream banks, causing streams to respond by increasing their cross-sectional area through
down-cutting or widening. This degrades the stream’s natural habitat structure of pools
and riffles as well as overhead structure, harming biodiversity. Stream degradation can
occur when only ten percent of the area is impervious (Schueler 2000).
Development also causes changes in water quality. Impervious surfaces
accumulate pollutants, such as nutrients, suspended solids, organic carbons, bacteria,
hydrocarbons, and trace metals, which are quickly washed off and carried away in a
storm event. Not only surface waters but also groundwater can be negatively affected as
development occurs. Polluted stormwater runoff directed into soil without treatment can
harm groundwater quality (Center for Watershed Protection 2000).
Without stormwater management, development can erode streams, cause
flooding, and prevent groundwater recharge. On the other hand, managing stormwater
keeps cities livable while improving the health of a watershed. Implementing
requirements through a stormwater manual helps to protect water resources, provides
benefits to humans and wildlife, promotes recreational resources, and safeguards drinking
water. Land can be improved as it is developed or redeveloped if a manual is in place to
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protect its environmental benefit (Environmental Protection Agency 2010, 2; City of
Portland, Oregon 2014, 2).
Stormwater Management Paradigms
As a frame of reference for what has been or is considered true and right, the
following paradigms explain steps in the evolution of stormwater management through
time as explained by Debo and Reese. When pioneers began moving to towns, the first
stormwater management paradigm was born. People felt that they could handle the water
as they did on the farm, which meant running it in ditches. It was better than having no
drainage system, but it proved to be ineffective. Around 1900, they decided to run all
sewer and stormwater in pipes. This carried toilet and stormwater to a nearby river or
stream. Soon, however, concerned individuals realized they needed treatment plants for
sewage and that treating stormwater was wasteful. To solve this issue, it was decided
around the end of World War II to run stormwater in stormwater pipes and take it to
catch basins and then the nearest stream. This paradigm caused downstream flooding and
channel erosion and lasted until the 1970s or so (Debo and Reese 2003, 1-2). Over the
years, views of stormwater changed from a means of waste disposal and a transmitter of
disease to a nuisance and concern for flooding (Burian 2002).
In turn, stormwater detention ordinances were first formed in the early 1970s.
Recommendations such as using detention ponds and reducing peak flow below the pond
were put into place, but there was no volume reduction for stormwater runoff. Debo and
Reese (2003) explain how this led to the idea of just not causing flooding, which
introduces modern stormwater master planning. In this paradigm, hydrology and
hydraulic models were utilized to perform analyses of different scenarios until a solution
6

to flooding was found. In response to this, experts recommended regional treatment,
which became political and thus out of the engineer’s realm (Debo and Reese 2003, 3-5).
However, such regional efforts are one of the most effective methods for resource
protection and achieving large-scale results (Nisenson 2005, 29).
While this may have seemed to solve flooding issues, concern grew for urban
sustainability and ecosystem protection (Burian 2002). According to Debo and Reese
(2003), the next paradigm of not polluting involved numerous regulations and reports. In
an attempt to meet the required Maximum Extent Practicable under the Phase I
stormwater regulations, many cities spent money on untested Best Management Practices
(BMPs). Complex designs for grassy swales, riparian corridors, and complex detention
ponds made it difficult to measure the impact on water quality. Trying to quantify the
differences made by these new BMPs led to a paradigm concerned with ecosystems. In
the 1990s, people became interested in biocriteria. Concern for stream health led to a
focus on corridors, floodplains, and watersheds. From this emerged the paradigm Debo
and Reese refer to as water is water is watershed. In this paradigm, work is done at the
watershed level and watershed planning is done holistically. It attempts to change what
happens in the watershed, but it is difficult for citizens to relate to (Debo and Reese 2003,
5-9).
Over the past few decades, stormwater management has moved from being
considered a strictly technical issue to a system that incorporates social, economical,
environmental, and political factors (Burian 2002). This leads to the current paradigm,
which Debo and Reese (2003) describe as “green and bear it.” This promotes simulating
acceptable hydrology, creating sustainable and maintainable systems, balancing
7

ecosystem functions with development, enhancing natural diversity, working at a small
scale for accumulated results, and accepting stormwater as a natural resource (Debo and
Reese 2003, 9). This standard is recognized with some variability under a variety of terms
such as low impact development, green infrastructure, better site design, and sustainable
stormwater management. Nevertheless, the goals are virtually always the same. These
include protecting water bodies, reducing pollutants, protecting habitats, and reducing
erosion (Center for Watershed Protection 1998).
Although initiatives must be taken at all levels, supporters of this paradigm are
often most active at the local level in making land use and other related decisions (Geller
2003, 1141). Water authority has the most success when organized at the local level even
though the basic requirements promoting sustainable stormwater management are
standards at the national level. This empowers cities to make decisions on whether
decentralized methods will be required or incentivized as a means of meeting these
standards (Hoyer et al. 2011, 26). This, in turn, means making numerous individualized
decisions and inspections for these stormwater management techniques of dispersed best
management practices, which is the reason this paradigm is referred to as “green and bear
it” (Debo and Reese 2003, 9).
Successful Stormwater Management
Successful stormwater management, as explained by Debo and Reese (2003), is
achieved by attaining a number of goals that have proven to be prosperous for other
stormwater programs. For instance, public education and involvement are vital to inciting
cooperation from the general public. This can be accomplished through meetings,
hotlines, brochures, presentations, forums, and news releases as well as student education
8

and involvement. Programs with a positive connection to the public view themselves as
being in the business of customer service. Also, successful stormwater programs are
funded through a stormwater utility user fee as well as fees placed on developers who
may be negatively impacting the watershed. Furthermore, a sense of purpose is achieved
through forming clear procedures and creating well-defined goals as well as objectives
for key program areas (Debo and Reese 2003, 50). Rather than being a technical issue,
limitations in changing stormwater management are social and institutional in nature.
Barriers include lacking organizational commitment and a well-defined distribution of
responsibility (Cettner et al. 2012a, 797). Additionally, a successful stormwater program
has a key champion, which may an individual or groups of individuals who are interested
in defending the cause of stormwater management. These can be composed of political
figures, government staff, and citizens (Debo and Reese 2003, 50).
Moving from traditional stormwater management to a more sustainable concept is
an arduous task. Cettner et al. (2012b) state that institutional barriers are surprisingly high
between various stakeholders involved in not only the planning but also the
implementation of stormwater facilities. For this reason, city administrators tend to rely
on more comfortable approaches in order to avoid the risk of trying a new method.
Raising awareness among stakeholders concerning the social-technical nature of urban
stormwater management can deepen the understanding of social and institutional barriers,
which may help to solve them. Stakeholders should be aware of the fact that this large
system consists of both social and technical aspects that maintain a system culture and
that these systems traditionally emerge out of human desires (Cettner et al. 2012b, 1112). Often, municipalities will have a citizen advisory committee who can reach political
9

leaders and appropriate staff components through open and effective communication
channels (Debo and Reese 2003, 50).
Basin-wide planning and control are vital to the realization of effective
stormwater management. This may involve a regional or multijurisdictional entity or, at
least, a master plan and watershed advisory groups who are interested in large-scale
improvements (Debo and Reese 2003, 50-51). According to the Environmental Protection
Agency (2005), encouraging development in strategic areas through regional efforts is
one of the strongest approaches to protecting resources and coordinating growth within a
watershed. These sorts of efforts are necessary for effective coordination of local
approaches to development with watershed improvement. Development should be
encouraged on land with lower ecological value while land with more ecological value is
preserved or reserved for ecological services (Nisenson 2005, 29-30). Concerned with the
large scale, development districts are composed of a bigger site area and aim to achieve
wide-ranging objectives for planning and urban design in that area. These and other
special zoning districts can reduce stormwater runoff by leading the location of
development from greenfields to a redevelopment site. Decisions on development within
the district are made at a larger scale, which allows for a more efficient design that can
better handle stormwater runoff for a sizeable area (Nisenson 2005, 51-53).
Successful stormwater programs employ a focused power by having the total
stormwater function consolidated or coordinated and controlled by a single authority. It is
not placed adjunct to other utilities such as water supply or wastewater but rather an
entity of its own. Furthermore, the administrator is able to speak on behalf of the program
at the highest level (Debo and Reese 2003, 51). When asking water professionals, Cettner
10

et al. (2012a) found that “stormwater was sometimes seen as an engineering issue or a
planning issue, and sometimes it was seen as both.” The boundary between stormwater as
a technical issue and stormwater as a plan is considered important by interviewees for
influencing stormwater planning. A compulsion towards traditional stormwater methods
impacts the view of stormwater management as strictly an engineering issue. Some
professionals are interested in better management, but the responsibilities beyond the
traditional form of management become unclear (Cettner et al. 2012a, 791). Water
professionals who felt they had made an impact stated that they chose to be actively
engaged in the planning process and were, therefore, able to encourage sustainable
stormwater solutions (Cettner et al. 2012a, 797). If concerned professionals do not make
this effort, someone who may be less interested in innovation will control whether or not
sustainable stormwater measures are incorporated in urban development through the
planning process (Cettner et al. 2012a, 800).
Strong technical guidance, capabilities, and resources must be available to the
stormwater management entity, both in-house and with outside consultants, resulting in
manuals, websites, and master plans that are complete, clear, and informative (Debo and
Reese 2003, 51). Having a policy that is backed by an informed and scientific process
provides regulations that policy makers can confidently support, thereby, limiting
opposition from developers and landowners. Transforming complex science into a
necessarily simple policy is vital for easy implementation; therefore, it is important to
have experts that are able to understand the most up-to-date research and form
conclusions that inform local policy (Drescher 2011, 2). To translate science into policy,
policies must clearly state the regulations of what practices are allowed and provide
11

guidance for each while including a degree of flexibility that allows for innovation in
techniques and designs that may vary from current stormwater management practices.
For instance, comprehensive stormwater management policies can encourage low impact
development (LID) practices along with conventional stormwater controls through
straightforward design guidelines and stormwater credits (Drescher 2011, 11).
In successful stormwater programs, development is guided through procedures
and master plans that control its effects. Development must bear most of the costs for
system improvement (Debo and Reese 2003, 51). Better site design is a collection of
techniques to limit paved area, effectively deal with stormwater, and protect natural
habitats. Each development site aims to reduce imperviousness, increase conservation
areas, and utilize pervious areas for stormwater management (Center for Watershed
Protection 2000, 1). This development strategy can greatly reduce environmental impacts
on new development sites as well as redevelopment sites. When impervious cover
thresholds will be exceeded in a watershed, better site design can prove to be particularly
useful in the development and planning process (Center for Watershed Protection 2000,
9).
Finally, for a successful stormwater program, maintenance should be
comprehensive and should move from a reactive state to that of a proactive and
preventative state. Also, a successful stormwater management program is focused on the
environment and has a sense of ownership over surface water. It treats riparian areas and
water resources as valuable and aims to protect them, desires to improve their aesthetic
quality, and realizes that this makes economic sense in the long term (Debo and Reese
2003, 51-52).
12

Current State of Stormwater Management
Given the attributes of successful stormwater management, it is imperative to
examine the reality of current stormwater management. Across the United States,
municipalities exemplify some combination of the modern stormwater paradigms
previously mentioned and there are great disparities on the level of success achieved by
them. Portland, Oregon, and Seattle, Washington, are currently seen as leaders in
stormwater management (Dolowitz et al. 2012, 506). While these cities are considered
frontrunners in the field, it must be noted that there is a lack of peer-reviewed literature
specific to the policies of these cities as well as stormwater policies in general.
The City of Portland, Oregon’s Bureau of Environmental Services has formed
programs focused on sustainable stormwater management including an EcoRoof
Program, a Downspout Disconnection Program, a Green Streets Program, and an
Innovative Wet Weather Program. The Innovative Wet Weather Program is concentrated
on providing examples of unique solutions for managing stormwater on site through
vegetation. The city also has a major emphasis on public education of stormwater
management to inform the public of the issues surrounding stormwater and possible
solutions to manage it sustainably. The decentralized methods have gone so far as to
create a sense of community and identity in Portland as the most sustainable city in the
United States. All of these coordinated efforts are directly related to and a product of the
city’s stormwater manual (Hoyer et al. 2011, 40-46). All sites with 500 ft2 or more of
impervious area added are required to detain up to the 10-year, 24-hour event as well as
meet water quality requirements for the 90th percentile event. Portland’s tiered policy
approach first requires that all sites infiltrate all stormwater on site with vegetated
13

facilities. If overflow is necessary, it next requires that the overflow be managed in
subsurface infiltration facilities. The third and fourth tiers are allowed only in specifically
approved circumstances when infiltration requirements cannot be met. In these
categories, the policy first requires that vegetated detention facilities be used on site to
reduce pollution and meet flow control before being discharged off site through
stormwater-only pipes or surface waters. Lastly, if all other requirements cannot be met,
stormwater may leave a site from a vegetated detention facility through combined sewer
pipes. To assist in meeting these requirements, the city’s Bureau of Environmental
Services provides a technical manual for such decentralized measures within the city
(City of Portland, Oregon 2014, 10).
Seattle’s Stormwater Code applies to sites with over 750 ft2 of impervious area
added. Their detention requirement is the 2-year, 24-hour storm event; the water quality
event is the 90th percentile event. Properties must apply green stormwater infrastructure
practices to the maximum extent feasible. Green stormwater infrastructure practices refer
to infiltration, evapotranspiration, and stormwater reuse. Maximum extent feasible means
fully implementing requirements to the constraint of physical limitations of the site,
reasonable considerations of cost and environmental impact, and practical decisions of
engineering design (City of Seattle, Washington 2009). Therefore, all projects are
required to analyze green infrastructure options first. Similar to Portland, Seattle supports
its policies through programs such as Seattle Green Factor and examples in public rightsof-way that help to introduce solutions to new policy requirements to the public. Seattle
also incorporates a Rainwise Incentive Program to encourage private-property owners to
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manage stormwater on their site sustainably by providing guides and workshops as well
as discounted utility costs (Environmental Protection Agency 2010, 61-63).
While not a top ranking stormwater center, the city of Chattanooga, Tennessee, is
moving towards sustainable stormwater infrastructure. Although its policy is not as
advanced as the other policies mentioned, the city is interested in integrated site and
landscape development. This stormwater policy applies to sites disturbing over 5,000
square feet, a relatively small requirement. It requires mitigation for peak runoff rates
using peak attenuation for storms as small as the 2-year, 24-hour event, as well as larger
and intermittent events. This policy is not as progressive as others and represents their
current state in the older paradigm of water is water is watershed (City of Chattanooga,
Tennessee).
Stormwater Policy Components
Stormwater ordinances are the strength of local programs as it creates a
legal foundation for all elements addressed. As previously discussed, stormwater policies
can differ greatly; however, there is still a common framework among them. Typical
sections include:
1.

Legal Authority and Purpose

2.

Definitions

3.

Applicability

4.

Exemptions

5.

Waivers

6.

Design Criteria

7.

Plan Submission and Review
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8.

Inspection for Permanent Controls

9.

Penalties and Remedies

Of particular interest to this study are the roles of applicability and design criteria,
which includes detention requirements and water quality requirements.
The applicability section states the qualities of a site that require its compliance
with the policy. The Environmental Protection Agency’s Phase II MS4 regulations apply
to new development and redevelopment sites that disturb one acre or more of land. For
this reason, many municipalities have chosen this as their applicability threshold.
However, programs can choose to adjust their threshold to specifically address issues
such as land disturbances less than one acre, impervious cover, lots in a subdivision, and
watershed characteristics (Center for Watershed Protection 2008, 5.6-5.11). According to
the Environmental Protection Agency, many communities choose their applicability
threshold to be 5000 square feet or more of land disturbed. Furthermore, they suggest that
communities may choose to grant an exemption for sites disturbing less than 5000 square
feet of land if there is less than 1000 square feet of impervious surface created.
(Environmental Protection Agency 2012, 2)
For addressing redevelopment, special considerations may be made. First,
communities need to define redevelopment and choose to what standard it will be held.
Due to the cost and difficulty of implementing new stormwater criteria on a
redevelopment site, reduced criteria may be chosen in such instances to allow for
constraints of the site. (Environmental Protection Agency 2012, 3). For example,
Georgia’s Stormwater Management Manual states that redevelopment sites with 5000
square feet of new impervious surface or one acre or more of land disturbed must meet all
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the requirements of the manual. This is the same impervious surface requirement and
higher land disturbed requirement than those of new development sites (Atlanta Regional
Commission 2001, 4.3). Programs with more resources are likely to choose a smaller
threshold and perhaps not include special provisions for redevelopment sites. This will
capture more sites and, therefore, address stormwater from a greater number of projects.
Using a lower threshold means there will be more plans to review, more sites to inspect,
and more BMPs to maintain, living up to the term “green and bear it” (Center for
Watershed Protection 2008, 5.6)
The Environmental Protection Agency states that peak flow rates associated with
specific design storms should be controlled to reduce stormwater runoff. It further
recommends that this be achieved through infiltration to the maximum extent practical in
order to treat for both water quantity and water quality (Environmental Protection
Agency 2012, 10). Similarly, Georgia’s Stormwater Management Manual provides an
example of meeting various goals through one technique by having multiple detention
requirements. Stream channel protection, overbank flood protection, and extreme flood
protection are all handled by requiring the management of smaller to larger design
storms, respectively. Necessitating management of various design storms can meet
different goals for assorted types of concerns (Atlanta Regional Commission 2001, 4.4).
The design criteria section influences the types and sizes of BMPs chosen to meet
requirements. It is expected that programs, at a minimum, require maintaining predevelopment hydrologic conditions by controlling the rate and volume of runoff.
Recently, water quality is an issue that is addressed in this section as well. Programs may
choose to include special provisions for specific local water sources of concern or
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importance. This section sets forth the criteria, not the design guidelines (Center for
Watershed Protection 2008, 5.8-5.9).
Many states or regional agencies have created model stormwater ordinances that
can be adopted at the local level with some degree of customization. Municipalities tend
to also develop their policy by examining those of their neighboring communities (Center
for Watershed Protection 2008, 5.2). Unfortunately, most choose policies out of
convenience and perception of similarity rather than a purposeful, directed search. They
tend to look at well-recognized programs such as Portland and Seattle or for other
municipalities with similar politics or economics even if the program was not of high
quality or was not relevant to their environment. This was found to be the case even when
it was known that there were better techniques and more appropriate choices from other
places. Dolowitz (2012) explains this by stating that water professionals who were aware
of these other options thought the political and institutional differences would be
insurmountable for applying changes or improvements. Therefore, the political structure
is influential in the improvement of stormwater management (Dolowitz 2012).
Conclusion
While there are many resources on this general topic, including the effect of
development on stormwater, stormwater management paradigms, successful stormwater
management, the current state of stormwater management, and stormwater policy
components, there is a paucity of quantitative investigation supporting stormwater policy
research. An explicit gap is present in the research when considering looking at
alternative futures for different stormwater policies given real development data. It must
be noted that a precedent study on this topic has previously been completed by Katherine
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Lunstrum and is titled “An Approach for Communities to Assess Stormwater Application
and Detention Requirements for Overall Watershed Health.” This previous study, which
can be advanced upon, was conducted using data from the more rural city of Starkville,
Mississippi, which does not have considerable development information (Lunstrum
2012).
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METHODOLOGY
Introduction
This study will evaluate the usefulness of a stormwater management policy
decision-making tool in assessing and improving citywide stormwater management. To
investigate this, a deductive approach and quantitative analysis are utilized. A model is
employed to predict alternative futures for stormwater management in a particular city
through the manipulation of applicability thresholds, detention requirements, and water
quality requirements. Based on the available data, this tool can assess current stormwater
policies and examine potential new policies to guide a city in its choice of stormwater
management policy.
Data Sources
Strengths of this study are the use of real development records and corresponding
location-based data. The sources for this data range from city government offices to
federal government entities.
City of Chattanooga, Land Development Office
The City of Chattanooga’s Land Development Office provided development data
for the city for approximately one year. This includes an identification number, project
name, project description or type, address, total project area, and change in impervious
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area. From this more information can be derived such as zoning and location within the
city. For the purposes of this study, all projects with zero or a negative change in
impervious area were not considered for the data set.
National Oceanic and Atmospheric Administration (NOAA)
NOAA’s National Weather Service’s Hydrometeorological Design Studies Center
has created a Precipitation Frequency Data Server (PFDS), which provides rainfall data
for Chattanooga, TN, using the point-and-click interface. This yields precipitation
frequency estimates in inches with a 90% confidence interval for various storm event
recurrence intervals and durations. Typical recurrence intervals (1-, 2-, 5-, 10-, 25-, 100-,
and 500-year) for 24-hour duration storm are used as design storms for this study.
National Weather Service
The National Weather Service uses weather stations to gather precipitation daily
and hourly. This data was retrieved through the Utah Climate Center’s Climate Database
Server. The station representing Chattanooga, TN, is Chattanooga Lovell AP with Station
ID USW00013882, and it is part of the Global Historical Climatology Network (GHCN).
Daily precipitation in inches from the earliest available date to the most recent date at the
time of retrieval, January 1, 1928 to March 31, 2015, was retrieved for historical
precipitation data that was used for determining percentile storm events and average
annual rainfall. Finding the annual rainfall for each year available and then calculating
the average among those years determined average annual rainfall.
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United States Department of Agriculture (USDA) Technical Release 55 Manual
The USDA Technical Release 55 (TR-55) Manual was used as reference for curve
numbers when computing runoff using the Soil Conservation Service (SCS) Curve
Number Method.
USDA National Resources Conservation Service (NRCS) Web Soil Survey
USDA NRCS Web Soil Survey (WSS) provides soil data and information that has
been produced by the National Cooperative Soil Survey. Selecting Chattanooga, TN, as
the area of interest, the WSS provided data on soil types for the area. This information
was used in selecting curve numbers.
Experimental Unit: Runoff Volume
Runoff volume was calculated according to the SCS Curve Number Method for
each project in order to determine how much runoff is to be managed by each policy.
Rainfall for Storm Events
For water quantity storm events, the 1-, 2-, 5-, 10-, 25-, and 100-year, 24-hour
storms for Chattanooga were examined using the data from NOAA. For water quality
events, the 90th and 95th percentile storm events were used. These events occur at the
rainfall amount below which 90 percent and 95 percent of the average annual rainfall
falls, respectively. To determine these values, the historic rainfall data retrieved from the
National Weather Service were used. According to the Environmental Protection Agency,
percentile storm events are calculated in Microsoft Excel by first removing all flagged
data points and small rain events less than 0.1 inches, which likely will not contribute to
runoff. The percentile events are then calculated by applying the percentile spreadsheet
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function for the data range in a cell (i.e. =PERCENTILE(precipitation data range, 95%)).
This method was used for determining the 90th and 95th percentile events (Environmental
Protection Agency 2009, 22-24). The values for each rainfall event studied can be seen in
Table 3.1
Table 3.1

Chattanooga Rainfall for Storm Events
Storm Event
1-in
90th Percentile
95th Percentile
1-year, 24-hour
2-year, 24-hour
5-year, 24-hour
10-year, 24-hour
25-year, 24-hour
100-year, 24-hour

Rainfall (in)
1
1.35
1.79
3.07
3.67
4.48
5.12
5.98
6.67

Curve Numbers
Using the most common soil group found from the WSS, which for Chattanooga
is hydrologic soil group B, the TR-55 Manual was referenced for curve numbers
associated with conditions descriptive of before and after the impervious area has been
added. For the before-project condition, the curve number for open space in fair condition
(grass cover 50% to 75%), which is a value of 69, was selected. For the after-project
condition, the curve number for impervious areas (paved parking lots, roofs, driveways,
etc.) was selected as a value of 98.
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Runoff Volume
Runoff volume was calculated for each project at each storm event for the beforeproject and after-project condition. The SCS runoff equation, shown below, was applied
to each of these situations to calculate the appropriate runoff. This value was then
multiplied by the change in impervious area for each project to find the volume of runoff
for each project.
(P−I )2

(3.1)

Q = (P−I a)+S
a

where Q = runoff (in), P = rainfall (in), Ia = initial abstraction (in) = 0.2S, and S =
potential maximum retention after runoff begins (in) =

1000
𝐶𝑁

− 10.

Treatment Variable: Policy Modeling
Modeling of potential policies was conducted through examining various
applicability thresholds and calculating the total increase in runoff volume for all
included projects for each storm event from the one-inch event to the 100-year, 24-hour
event. In Microsoft Excel, this was modeled by appropriate functions and equations for
each storm event (i.e. =SUMIF (Impervious Area Added data range, > Applicability
Threshold, Post-Project Runoff data range) – SUMIF (Impervious Area Added data
range, > Applicability Threshold, Pre-Project Runoff data range). This created a matrix
representing volume of stormwater managed for each combination of applicability
thresholds and detention requirements. Specific detention and water quality requirements
were taken into account. An outline of the policies modeled in this study can be found in
Figure 3.1. Additionally, specific variables chosen for each policy can be seen in Tables
3.2 through 3.9 at the end of this chapter.
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Figure 3.1

Policy Modeling Chart

The first set of policies represents typical ranges in a stormwater management
policy including traditional, moderate, and green infrastructure approaches. Generalized
values were chosen for detention and water quality requirements. The second set of
policies is based on popular and commonly recommended policies including the
Portlandian, the Chicagoan, and the Atlantan. The last type of policy is a customizable
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policy, which can be used to represent a municipality’s existing policy or test a variety of
combinations of applicability thresholds and detention requirements. In this study, the
customizable policy was designed to represent Chattanooga’s current stormwater policy,
or the Chattanoogan.
Simplified Policy 1: Traditional
A simplified policy representing the traditional approach to stormwater
management was examined for comparison purposes. Generally, policies of this type
have a larger applicability threshold and a larger detention requirement. For this study, an
applicability threshold of 40,000 square feet of impervious area was used. This policy
was modeled by finding the sum of differences in before- and after-project runoff
volumes for projects with 40,000 square feet or more of additional impervious area.
Additionally, water quality requirements were set for the 90th percentile event, and the
detention requirement was chosen to be the 25-year, 24-hour event.
Simplified Policy 2: Moderate
A moderate policy designed to show a temperate approach was also examined.
This policy has a reasonable applicability threshold and detention requirement. For this
study, an applicability threshold of 10,000 square feet of impervious area was used. This
policy was modeled by finding the sum of differences in before- and after-project runoff
volumes for projects with 10,000 square feet or more of additional impervious area.
Additionally, water quality requirements were set for the 90th percentile event, and the
detention requirement was chosen to be the 10-year, 24-hour event.
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Simplified Policy 3: Green Infrastructure
A policy representing the current trend in stormwater management, green
infrastructure, was examined as well. Generally, policies of this type have a smaller
applicability threshold and a smaller detention requirement. For this study, an
applicability threshold of 1,000 square feet of impervious area was used. This policy was
modeled by finding the sum of differences in before- and after-project runoff volumes for
projects with 1,000 square feet or more of additional impervious area. Additionally, water
quality requirements were set for the 90th percentile event, and the detention requirement
was chosen to be the 2-year, 24-hour event.
Model Policy 1: The Portlandian
As previously mentioned, Portland is considered to be a leader in the field of
stormwater management. Therefore, its policy was used as a model policy in the
decision-making tool so that municipalities can see the results of Portland’s policy given
their location and development pattern. All projects with 500 square feet or more of
additional impervious area are required to comply with Portland’s stormwater policy.
This policy was modeled by finding the sum of differences in before- and after-project
runoff volumes for projects with 500 square feet or more of additional impervious area.
According to this policy, the project included must treat for water quality at the 90th
percentile event and must detain up to the 10-year, 24-hour event (City of Portland,
Oregon 2014).

27

Model Policy 2: The Chicagoan
Chicago has a hybrid policy, which has a combination of applicability thresholds.
It has an applicability threshold of 15,000 square feet of land disturbed or additional
impervious area of 7,500 square feet or more and excludes all single-family residential
projects. This was modeled by determining the sum of differences in before- and afterproject runoff volumes for non-residential projects with either a project size of at least
15,000 square feet or an increase in impervious area of at least 7,500 square feet,
counting each project a maximum of one time. Using Chicago’s policy, water quality
measures were required for the first one inch of rainfall from all impervious surface
triggered. Additionally, detention was required for all water-quantity events up to the
100-year, 24-hour event.
Model Policy 3: The Atlantan
Most interesting is forming applicability thresholds that are a combination of the
previously mentioned categories. Based on policies for Georgia, a policy representing all
industrial projects and any projects with over 5,000 square feet of impervious area added
were studied. This was modeled by finding the sum of differences in before- and afterproject runoff volumes for all projects described as industrial and all projects with 5,000
square feet of impervious area added, counting each project a maximum of one time.
Also based on Georgia policies, a policy requiring compliance from all projects of 1 acre
or more project area or 5,000 square feet of impervious area was tested. This was
modeled by finding the sum of differences in before- and after-project runoff volumes for
all projects with a project area of one acre or more and also projects with 5,000 square
feet or more of impervious area added, counting each project a maximum of one time.
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Water quality control was required for the runoff volume resulting from the first one inch
of rainfall. Detention was required for the 1-year and 25-year events for non-residential
projects (Atlanta Regional Commission 2001).
Customized Policy
A city can choose to create a unique policy. For the purposes of this study, this
was used to model Chattanooga’s current policy. This could be used to represent a
municipality’s current policy for comparison purposes or to examine the outcome of
changes to different aspects of a trial policy. The Chattanoogan policy requires that all
projects with 5,000 square feet or more of impervious area comply with the policy. This
was modeled by finding the sum of differences in before- and after-project runoff
volumes for all projects with at least 5,000 square feet of impervious area added. These
projects must treat for water quality on all runoff resulting from the 95th percentile event.
Water quantity must be mitigated for the 2-, 5-, 10-, and 25-year, 24-hour events (City of
Chattanooga, Tennessee).
Furthermore, the customizable policies can be used to examine the effects of
changing individual variables on stormwater management. For this study, the
applicability threshold was first varied from 500 square feet to 2 acres while all other
variables were held steady to the Chattanoogan policy. Next, the detention event was
varied from the 1-year, 24-hour to the 100-year, 24-hour event while all other variables
were held steady to the Chattanoogan policy. Furthermore, multiple event detention was
explored based on impervious area and land-use. For policies using multiple event
detention based on impervious area, all projects were required to comply with the policy.
Projects below a determined applicability threshold area must manage the 2-year, 24-hour
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event while projects above the same applicability threshold must manage the 25-year, 24hour event. This chosen applicability threshold is referred to as a break point in this
study, and it was varied from 1,000 square feet to 1 acre. For policies using multiple
event detention based on land use, projects included were based on land-use type and
detention events included 2-, 10-, and 25-year, 24-hour events. Lastly, the water quality
event was varied from the 1-inch event to the 95th percentile event while all other
variables remained the same as the Chattanoogan policy.
Table 3.2

Simplified Policy Description

Simplified
Policy Name
Traditional
Moderate
Green
Infrastructure

Applicability Threshold

Detention
Requirement
Manage the 25year, 24-hour
storm event
Manage the 10year, 24-hour
storm event
Manage the 2-year,
24-hour storm
event

Include projects with
40,000 ft2 or more of
impervious area added
Include projects with
5,000 ft2 or more of
impervious area added
Include projects with
1,000 ft2 or more of
impervious area added
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Water Quality
Requirement
Clean runoff for
the 90th Percentile
Event
Clean runoff for
the 90th Percentile
Event
Clean runoff for
the 90th Percentile
Event

Table 3.3

Model Policies Descriptions

Model
Policy
Name
Portlandian
Chicagoan

Atlantan

Table 3.4

Applicability Threshold

Detention
Requirement

Water Quality
Requirement

Include projects with 500 ft2
or more of impervious area
added
Include projects with 7,500 ft2
or more of impervious area
added, excluding all singlefamily residential
Include residential projects
with 1,000 ft2 or more of
impervious area added and all
other projects with any new
impervious cover or 1 ac of
disturbed area

Manage the 10-year,
24-hour storm event

Clean runoff for
the 90th
Percentile Event
Clean runoff for
the 1-inch Event

Manage the 100year, 24-hour storm
event

Manage the 25-year, Clean runoff for
24-hour storm event, the 1-inch Event
excluding singlefamily residential

Customizable Policy Description: Chattanoogan

Customizable
Policy Name
Chattanoogan

Applicability
Threshold
Include projects
with 5,000 ft2 or
more of impervious
area added

Detention
Requirement
Manage the 25year, 24-hour storm
event
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Water Quality
Requirement
Clean runoff for the
95th Percentile
Event

Table 3.5

Customizable Policies Descriptions: Varying Applicability Threshold

Customizable
Policy Name
Applicability
Threshold:
500 ft2
Applicability
Threshold:
1,000 ft2
Applicability
Threshold:
2,500 ft2
Applicability
Threshold:
5,000 ft2
Applicability
Threshold:
7,500 ft2
Applicability
Threshold:
10,000 ft2
Applicability
Threshold:
0.25 acres
Applicability
Threshold:
0.5 acres
Applicability
Threshold:
0.75 acres
Applicability
Threshold:
1 acre
Applicability
Threshold:
1.5 acres
Applicability
Threshold:
2 acres

Applicability Threshold
Include projects with
500 ft2 or more of
impervious area added
Include projects with
1,000 ft2 or more of
impervious area added
Include projects with
2,500 ft2 or more of
impervious area added
Include projects with
5,000 ft2 or more of
impervious area added
Include projects with
7,500 ft2 or more of
impervious area added
Include projects with
10,000 ft2 or more of
impervious area added
Include projects with
0.25 acres or more of
impervious area added
Include projects with 0.5
acres or more of
impervious area added
Include projects with
0.75 acres or more of
impervious area added
Include projects with 1
acre or more of
impervious area added
Include projects with 1.5
acres or more of
impervious area added
Include projects with 2
acres or more of
impervious area added
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Detention
Requirement
Manage the 25year, 24-hour
storm event
Held constant

Water Quality
Requirement
Clean runoff for
the 95th Percentile
Event
Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Table 3.6

Customizable Policies Descriptions: Varying Detention Requirement

Customizable
Policy Name
Detention
Requirement:
1-year, 24-hour
Detention
Requirement:
2-year, 24-hour
Detention
Requirement:
5-year, 24-hour
Detention
Requirement:
10-year, 24-hour
Detention
Requirement:
25-year, 24-hour
Detention
Requirement:
100-year, 24-hour

Applicability
Threshold
Include projects
with 5,000 ft2 or
more of impervious
area added
Held constant
Held constant
Held constant
Held constant
Held constant
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Detention
Requirement
Manage the 1-year,
24-hour storm
event

Water Quality
Requirement
Clean runoff for the
95th Percentile
Event

Manage the 2-year,
24-hour storm
event
Manage the 5-year,
24-hour storm
event
Manage the 10year, 24-hour storm
event
Manage the 25year, 24-hour storm
event
Manage the 100year, 24-hour storm
event

Held constant
Held constant
Held constant
Held constant
Held constant

Table 3.7

Customizable Policy Description: Multiple Event Detention Based on
Impervious Area

Customizable
Policy Name
Multiple Event
Detention:
1,000 ft2

Multiple Event
Detention:
5,000 ft2

Multiple Event
Detention:
10,000 ft2

Multiple Event
Detention:
0.5 acres

Multiple Event
Detention:
1 acre

Applicability
Threshold
Projects with less than
1,000 ft2 of
impervious area
added
Projects with 1,000 ft2
or more of impervious
area added

Detention
Requirement
Manage the 2-year,
24-hour storm
event

Projects with less than
5,000 ft2 of
impervious area
added
Projects with 5,000 ft2
or more of impervious
area added

Manage the 2-year,
24-hour storm
event

Projects with less than
10,000 ft2 of
impervious area
added
Projects with 10,000
ft2 or more of
impervious area
added
Projects with less than
0.5 acres of
impervious area
added
Projects with 0.5
acres or more of
impervious area
added
Projects with less than
1 acre of impervious
area added

Manage the 2-year,
24-hour storm
event

Manage the 25year, 24-hour storm
event
Held constant

Manage the 25year, 24-hour storm
event
Held constant

Manage the 25year, 24-hour storm
event
Manage the 2-year,
24-hour storm
event

Held constant

Manage the 25year, 24-hour storm
event
Manage the 2-year,
24-hour storm
event;

Projects with 1 acre or Manage the 25more of impervious
year, 24-hour storm
area added
event
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Water Quality
Requirement
Clean runoff for
the 95th
Percentile Event

Held constant

Table 3.8

Customizable Policy Description: Multiple Event Detention Based on Land
Use

Customizable
Policy Name
Multiple
Event
Detention A
Multiple
Event
Detention B

Applicability
Threshold
Include projects
with 5,000 ft2 or
more of impervious
area added
Held constant

Multiple
Event
Detention C

Held constant

Multiple
Event
Detention D

Held constant

Detention Requirement

Water Quality
Requirement
Manage the 25-year, 24-hour Clean runoff for
storm event for commercial
the 95th
and industrial projects;
Percentile Event
Exclude residential projects
Manage the 10-year, 24-hour Held constant
storm event for commercial
projects; Manage the 25year, 24-hour storm event
for industrial projects;
Exclude residential projects
Manage the 2-year, 24-hour Held constant
storm event for residential
projects; Manage the 25year, 24-hour storm event
for commercial and
industrial projects
Manage the 2-year, 24-hour Held constant
storm event for residential
projects; Manage the 10year, 24-hour storm event
for commercial projects;
Manage the 25-year, 24-hour
storm event for industrial
projects
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Table 3.9

Customizable Policy Description: Varying Water Quality Event

Customizable
Policy Name
Water Quality
Requirement:
1-inch Event
Water Quality
Requirement: 90th
Percentile Event
Water Quality
Requirement: 95th
Percentile Event

Applicability
Threshold
Include projects
with 5,000 ft2 or
more of impervious
area added
Held constant

Detention
Requirement
Manage the 25year, 24-hour storm
event

Water Quality
Requirement
Clean runoff for the
1-inch Event

Held constant

Held constant

Held constant

Clean runoff for the
90th Percentile
Event
Clean runoff for the
95th Percentile
Event
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RESULTS
Introduction
This chapter presents the results of the policy modeling performed in this study.
These results inform the usefulness of the tool in making stormwater policy decisions. As
stated in the methods section, the applicability threshold was applied for each policy.
Then the detention and water quality requirement were taken into account. The following
are the results obtained by modeling the policies.
Project Information
Projects with negative or zero change in impervious area were removed from the
initial data set as they do not provide useful information for this stormwater policy
decision-making tool. This study resulted in 288 projects from the City of Chattanooga,
consisting of 241 residential (83.7%), 32 commercial (11.1%), and 15 industrial (5.2%)
projects. They totaled 240.84 acres of disturbed area and 93.28 acres of new impervious
area. The average project size was 0.84 acres with a median of 0.17 acres, and the
average impervious area was 0.32 acres with a median of 0.06 acres. They created an
additional 127,373,247 cubic feet of runoff on average each year, computed through the
rational method by multiplying comparable runoff coefficients, average annual rainfall,
and total impervious area added. Additional runoff, or the increase from before- to afterproject runoff, can be seen in Table 4.1 for each storm event of interest.
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Table 4.1

Additional Runoff Volume by Storm Event
Storm Event

Additional Runoff
Volume (cubic feet)
1-inch
3,204,640
th
90 percentile
4,434,777
95th percentile
5,765,231
1-year, 24-hour
8,656,780
2-year, 24-hour
9,665,132
5-year, 24-hour
10,790,115
10-year, 24-hour 11,531,743
25-year, 24-hour 12,372,694
100-year, 24-hour 12,945,793

Results of Simplified Policies
A description of the simplified policies and the results of the model can be found
in Tables 4.2 through 4.4. Results concerning project count and impervious area
managed, detention, and water quality are further explored in the following sections
Table 4.2

Simplified Policy Description

Simplified Policy
Name
Traditional

Applicability
Threshold
Include projects
with 40,000 ft2 or
more of impervious
area added
Moderate
Include projects
with 5,000 ft2 or
more of impervious
area added
Green Infrastructure Include projects
with 1,000 ft2 or
more of impervious
area added

Detention
Requirement
Manage the 25year, 24-hour storm
event

Water Quality
Requirement
Clean runoff for the
90th Percentile
Event

Manage the 10year, 24-hour storm
event

Clean runoff for the
90th Percentile
Event

Manage the 2-year,
24-hour storm
event

Clean runoff for the
90th Percentile
Event
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Table 4.3

Summary of General Results

Policy Name

Project Count

Traditional
Moderate
Green Infrastructure

25
84
272

Table 4.4
Policy
Name
Traditional
Moderate
Green
Infrastructure

Impervious Area
Managed (acres)
64.42
82.67
92.91

Runoff Cleaned
(ft3)
3,062,516
3,930,138
4,416,933

Summary of Detention Results
1-year
Detention
(ft3)
5,978,097

2-year
Detention
(ft3)
6,674,433

5-year
Detention
(ft3)
7,451,311

10-year
Detention
(ft3)
7,963,456

25-year
Detention
(ft3)
8,544,189

100-year
Detention
(ft3)
8,544,189

7,671,715 8,565,325

9,562,295

10,219,533

10,219,533

10,219,533

8,621,949 9,626,244

9,626,244

9,626,244

9,626,244

9,626,244

Project Count and Impervious Area Managed
Figure 4.1 illustrates the percentage of all projects that were required to comply
with each of the simplified policies. Given Chattanooga’s development, the Traditional
policy required the fewest projects to comply while the Green Infrastructure required the
most, nearly all, of the projects conform. From the Traditional to the Moderate, 20.49%
more projects were required to follow the policy. Between the Moderate and Green
Infrastructure policies, 65.27% more projects were included. Therefore, there is a vast
difference of 85.76% between the number of projects incorporated by the Traditional and
the Green Infrastructure policies.
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Figure 4.1

Projects Triggered by Simplified Policies

Figure 4.2 shows the percent of impervious area managed by each of the
simplified policies. Although there were great disparities in the number of projects
required to comply with stormwater management by each of the simplified policies, the
impervious area managed by each of the policies are in a much closer range, within 30
percent. Once again, the Green Infrastructure policy is most inclusive and managed
nearly all impervious areas, followed by the Moderate and then the Traditional policy
with the least area managed.
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Figure 4.2

Impervious Area Managed by Simplified Policies

Figure 4.3 elucidates the relationship between project count and percent of
impervious area managed for the simplified policies. In this combination of project count
and impervious area managed, the pattern or trend of the policies to include more projects
and manage more impervious area can be seen. The Traditional policy included the
fewest projects and managed the least impervious area. Conversely, the Green
Infrastructure policy included the most projects and managed the most impervious area.
This type of graph provides further elaboration by showing that the Green Infrastructure
policy included 10.88 times the projects as the Traditional policy and managed only 1.44
times the impervious area. The Moderate policy included the middle number of projects
and managed the middle amount of impervious area. Compared to the Traditional policy,
it included 3.36 times the number of projects and managed 1.28 the amount of
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impervious area. These represent only the three simplified policies, but policies with
variances of the applicability threshold would fall along the trend line of project area
versus impervious area managed.

Figure 4.3

Project Count vs. Impervious Area Managed for Simplified Policies

Detention
Figure 4.4 demonstrates the percent of runoff from storm events that is managed
by each of the simplified policies. The rainfall managed by a policy for each storm event
depends greatly on the applicability threshold and the detention requirement. As
expected, the Traditional policy managed the least amount of runoff across the board.
The Moderate and Green Infrastructure policy, however, had an interesting interaction.
The Green Infrastructure policy requires more projects to comply, which explains why
the percentage of rainfall managed began at a higher percentage, and the Moderate policy
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includes fewer project, meaning it managed a smaller percentage of rainfall, for the
smaller events. The factor creating the crossing in the graph is the detention requirement.
The Green Infrastructure policy requires that each project manage the 2-year, 24-hour
event. Volumes created by storms larger than that are considered unmanaged on the
project site, resulting in the continual decrease in rainfall managed as seen in the graph.
The Moderate policy has a 10-year, 24-hour detention requirement, meaning that the
percent of rainfall managed does not begin to decrease until volumes larger than that of
the 10-year, 24-hour event.

Figure 4.4

Runoff Managed by Storm Event by Simplified Policies

Water Quality
Figure 4.5 describes the percent of runoff cleaned by each of the simplified
policies. In line with the other results, the Traditional policy cleaned the least amount of
43

runoff, and the Green Infrastructure policy cleaned the most. Similarly, the Moderate
policy fell in the middle. Between the Traditional and Green Infrastructure policies, there
is a 27.3% difference in the amount of runoff cleaned.

Figure 4.5

Runoff Cleaned by Simplified Policies

Results of Model Policies
A description of the model policies and the results of the modeling can be found
in Tables 4.5 through 4.7. Results concerning project count and impervious area
managed, detention, and water quality are further explored in the following sections.
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Table 4.5

Model Policies Descriptions

Model Policy
Name
Portlandian

Chicagoan

Atlantan

Table 4.6

Applicability
Threshold
Include projects
with 500 ft2 or more
of impervious area
added
Include projects
with 7,500 ft2 or
more of impervious
area added,
excluding all
single-family
residential
Include residential
projects with 1,000
ft2 or more of
impervious area
added and all other
projects with any
new impervious
cover or 1 ac of
disturbed area

Detention
Requirement
Manage the 10year, 24-hour storm
event

Water Quality
Requirement
Clean runoff for the
90th Percentile
Event

Manage the 100year, 24-hour storm
event

Clean runoff for the
1-inch Event

Manage the 25year, 24-hour storm
event, excluding
single-family
residential

Clean runoff for the
1-inch Event

Impervious Area
Managed (acres)
93.24
71.26
93.21

Runoff Cleaned
(ft3)
4,432,333
2,448,185
3,202,072

Summary of General Results

Policy Name

Project Count

Portlandian
Chicagoan
Atlantan

283
55
281
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Table 4.7
Policy
Name
Portlandian
Chicagoa
n
Atlantan

Summary of Detention Results
1-year
Detentio
n (ft3)
8,652,01
0
6,613,34
5
6,635,01
0

2-year
Detentio
n (ft3)
9,659,80
6
7,383,67
6
7,407,86
4

5-year
Detention
(ft3)
10,784,16
9
8,243,106

10-year
Detention
(ft3)
11,525,38
9
8,809,673

25-year
Detention
(ft3)
11,525,38
9
9,452,117

100-year
Detention
(ft3)
11,525,38
9
9,889,936

8,270,110

9,483,081

9,483,081

9,483,081

Project Count and Impervious Area Managed
Figure 4.6 illustrates the percentage of all projects that were required to comply
with each of the model policies. Given Chattanooga’s development, the Chicagoan policy
required the fewest projects to comply while the Portlandian and Atlantan required nearly
all of the projects conform. From the Chicagoan to the Atlantan, 78.47% more projects
were required to follow the policy. From the Atlantan to Portlandian policies, there is
only a 0.69% increase in the number of project required to comply, which equates to only
a difference of two projects. Therefore, there is a vast difference of approximately 79%
between the number of projects incorporated by the Chicagoan and those included with
the Portlandian and Atlantan policies.
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Figure 4.6

Projects Triggered by Model Policies

Figure 4.7 shows the percent of impervious area managed by each of the model
policies. The impervious area managed by each of the policies was in a much closer
range, within 24 percent. Once again, the Portlandian and Atlantan policies are most
inclusive and managed nearly all impervious areas, followed by the Chicagoan policy
with the least area managed.
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Figure 4.7

Impervious Area Managed by Model Policies

Figure 4.8 elucidates the relationship between project count and percent of
impervious area managed for the model policies. In this combination of project count and
impervious area managed, the pattern or trend of the policies to include more projects and
manage more impervious area can be seen. The Chicagoan policy included the fewest
projects and managed the least impervious area. Conversely, the Portlandian policy
included the most projects and managed the most impervious area. This type of graph
provides further elaboration by showing that the Portlandian policy included 5.15 times
the projects as the Chicagoan policy and managed 1.31 times the impervious area. These
represent only the three model policies, but policies with variances of the applicability
threshold would fall along the trend line of project area versus impervious area managed.
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Figure 4.8

Project Count vs. Impervious Area Managed for Model Policies

Detention
Figure 4.9 demonstrates the percent of runoff from storm events that is managed
by each of the model policies. The rainfall managed by a policy for each storm event
depends greatly on the applicability threshold and the detention requirement.
Unsurprisingly, the Portlandian policy managed the most runoff overall. However, the
Atlantan policy managed approximately as little runoff as the Chicagoan policy. This
unexpected comparison is due to the detention requirement of the Atlantan policy, which
excludes all single-family residential projects from having to manage runoff volumes. As
many projects in Chattanooga are residential, this resulted in a runoff from a large
number of projects to not be managed. As previously explained, the percent of runoff
managed reduces after each policy’s detention requirement because any amount over that
requirement is considered to remain unmanaged. As the Chicagoan detention requirement
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is the 100-year, 24-hour storm, the largest storm event considered, there was no decrease
in the percent of runoff managed.

Figure 4.9

Runoff Managed by Storm Events by Model Policies

Water Quality
Figure 4.10 describes the percent of runoff cleaned by each of the model policies.
In line with the other results, the Chicagoan policy cleaned the least amount of runoff,
and the Portlandian policy cleaned the most. Still in between, the Atlantan policy fell
much closer to the middle of the two other policies than seen in previous results.
Concerning runoff cleaned, there is a 19.29% difference between the Chicagoan and
Atlantan policies and a 7.42% difference between the Atlantan and Portlandian policies.
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Figure 4.10

Runoff Cleaned by Model Policies

Results of Customizable Policy
The Customizable Policy is split into sections by type. Each type focuses on
varying an individual variable for the purpose of examining its effect on stormwater
management. Customizable Policy 1 varied applicability threshold from 500 ft2 to 2 acres
while holding all other variables constant to the Chattanoogan policy. Customizable
Policy 2 varied the detention requirement from the 1-year, 24-hour to the 100-year, 24hour event while holding all other variables constant to the Chattanoogan policy.
Customizable Policy 3 required detention for multiple events based on projects’
impervious area while holding all other variables constant to the Chattanoogan policy.
Customizable Policy 4 required detention for multiple events based on projects’ land use
type while holding all other variables constant to the Chattanoogan policy. Customizable
Policy 5 varied the water quality requirement from the 1-inch event to the 95th percentile
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event while holding all other variables constant to the Chattanoogan policy. For
comparison purposes, the results of the existing Chattanoogan policy can be seen in
Tables 4.8 through 4.10.
Table 4.8

Customizable Policy Description: Chattanoogan

Customizable
Policy Name
Chattanoogan

Table 4.9

Applicability
Threshold
Include projects
with 5,000 ft2 or
more of impervious
area added

Project Count

Chattanoogan

84

Policy
Name
Chattanoogan

Water Quality
Requirement
Clean runoff for the
95th Percentile
Event

Impervious Area
Managed (acres)
83.01

Runoff Cleaned
(ft3)
5,130,481

Summary of General Results

Policy Name

Table 4.10

Detention
Requirement
Manage the 25year, 24-hour storm
event

Summary of Detention Results
1-year
Detention
(ft3)
7,703,671

2-year
Detention
(ft3)
8,601,004

5-year
Detention
(ft3)
9,602,127

10-year
Detention
(ft3)
10,262,103

25-year
Detention
(ft3)
11,010,464

100-year
Detention
(ft3)
11,520,465

Customizable Policy 1: Varying Applicability Threshold
A description of the customizable policies with varying applicability threshold
and the results of the modeling can be found in Tables 4.11 through 4.13. This
Customizable policy varied applicability threshold from 500 ft2 to 2 acres while holding
all other variables constant to the Chattanoogan policy. Results concerning project count
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and impervious area managed, detention, and water quality are further explored in the
following sections.
Table 4.11

Customizable Policy Description: Varying Applicability Threshold

Customizable
Policy Name
Applicability
Threshold:
500 ft2
Applicability
Threshold:
1,000 ft2
Applicability
Threshold:
2,500 ft2
Applicability
Threshold:
5,000 ft2
Applicability
Threshold:
7,500 ft2
Applicability
Threshold:
10,000 ft2
Applicability
Threshold:
0.25 acres
Applicability
Threshold:
0.5 acres
Applicability
Threshold:
0.75 acres
Applicability
Threshold:
1 acre
Applicability
Threshold:
1.5 acres
Applicability
Threshold:
2 acres

Applicability Threshold
Include projects with
500 ft2 or more of
impervious area added
Include projects with
1,000 ft2 or more of
impervious area added
Include projects with
2,500 ft2 or more of
impervious area added
Include projects with
5,000 ft2 or more of
impervious area added
Include projects with
7,500 ft2 or more of
impervious area added
Include projects with
10,000 ft2 or more of
impervious area added
Include projects with
0.25 acres or more of
impervious area added
Include projects with 0.5
acres or more of
impervious area added
Include projects with
0.75 acres or more of
impervious area added
Include projects with 1
acre or more of
impervious area added
Include projects with 1.5
acres or more of
impervious area added
Include projects with 2
acres or more of
impervious area added
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Detention
Requirement
Manage the 25year, 24-hour
storm event
Held constant

Water Quality
Requirement
Clean runoff for
the 95th Percentile
Event
Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Held constant

Table 4.12

Summary of General Results

Policy Name

Project Count
283

Impervious Area
Managed (acres)
93.24

Runoff Cleaned
(ft3)
5,762,764

Applicability
Threshold: 500 ft2
Applicability
Threshold: 1,000 ft2
Applicability
Threshold: 2,500 ft2
Applicability
Threshold: 5,000 ft2
Applicability
Threshold: 7,500 ft2
Applicability
Threshold: 10,000
ft2
Applicability
Threshold: 0.25
acres
Applicability
Threshold: 0.5 acres
Applicability
Threshold: 0.75
acres
Applicability
Threshold: 1 acre
Applicability
Threshold: 1.5 acres
Applicability
Threshold: 2 acres

272

93.07

5,751,966

157

88.60

5,475,722

84

83.01

5,130,481

66

80.62

4,982,350

60

79.47

4,911,750

56

78.55

4,854,996

38

72.40

4,474,635

26

65.22

4,030,945

21

60.63

3,747,190

13

51.31

3,171,175

10

46.40

2,867,716
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Table 4.13
Policy
Name
500 ft2
1,000
ft2
2,500
ft2
5,000
ft2
7,500
ft2
10,000
ft2
0.25
acres
0.5
acres
0.75
acres
1 acre
1.5
acres
2 acres

Summary of Detention Results

1-year
Detention
(ft3)
8,653,075
8,636,862

2-year
Detention
(ft3)
9,660,996
9,642,894

5-year
Detention
(ft3)
10,785,497
10,248,275

10-year
Detention
(ft3)
11,526,808
10,952,661

25-year
Detention
(ft3)
12,367,398
11,751,382

100-year
Detention
(ft3)
12,940,252
12,295,702

8,222,068

9,179,784

10,248,275 10,952,661

11,751,382 12,295,702

7,703,671

8,601,004

9,602,127

10,262,103

11,010,464 11,520,465

7,481,245

8,352,669

9,324,886

9,965,807

10,692,561 11,187,837

7,375,235

8,234,311

9,192,752

9,824,591

10,541,047 11,029,305

7,290,017

8,139,167

9,086,534

9,711,072

10,419,249 10,901,866

6,718,886

7,501,510

8,374,656

8,950,265

9,602,961

10,047,767

6,052,663

6,757,684

7,544,252

8,062,785

8,650,762

9,051,462

5,626,592
4,761,676

6,281,984
5,316,322

7,013,182
5,935,121

7,495,214
6,343,055

8,041,800
6,805,621

8,414,294
7,120,855

4,306,018

4,807,588

5,367,172

5,736,070

6,154,371

6,439,440

Project Count and Impervious Area Managed
Figure 4.11 illustrates the percentage of all projects that were required to comply
with each of the customizable policies based on varying applicability threshold. As
expected, the number of projects required to comply with the policy decreased as the
applicability threshold increased. However, there were substantial decreases between
certain applicability thresholds such as between 1,000 ft2 and 2,500 ft2 or between 2,500
ft2 and 5,000 ft2. This is representative of Chattanooga’s development as it has many
residential projects that generally fall into those ranges of impervious area. Consequently,
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increasing the applicability threshold in that range greatly increased the number of
projects included.

Figure 4.11

Projects Triggered by Customizable Policies

Figure 4.12 shows the percent of impervious area managed by each of the
customizable policies. Similarly to project count, impervious area managed decreased as
the applicability threshold increased. Also, as with project count, there were larger
decreases between certain policies. In the range of residential projects, there were
substantial decreases between 1,000 ft2 and 5,000 ft2. In the range of industrial projects,
there were substantial decreases between 0.25 acres and 2 acres.
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Figure 4.12

Impervious Area Managed by Customizable Policies

Figure 4.13 elucidates the relationship between project count and percent of
impervious area managed for the customizable policies. In this combination of project
count and impervious area managed, the pattern or trend of the policies to include more
projects and manage more impervious area can be seen. There was clearly a larger
increase in impervious area managed with a smaller increase in project count for policies
with a smaller applicability threshold. As the applicability threshold increased, there was
less increase in impervious area managed per project added. These represents the chosen
customizable policies, but policies with variances of the applicability threshold would fall
along the trend line of project area versus impervious area managed.
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Figure 4.13

Project Count vs. Area Managed for Customizable Policies

Detention
Figure 4.14 demonstrates the percent of runoff from storm events that is managed
by each of the customizable policies. The runoff managed by a policy for each storm
event depends greatly on the applicability threshold and the detention requirement. In this
case, the detention requirement is held steady. This helps to expose the effect of the
applicability threshold on the amount of runoff managed. As expected, the policies with
the lower threshold managed the most runoff, and the policies with the higher threshold
managed the least amount of runoff.
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Figure 4.14

Runoff Managed by Storm Event by Customizable Policies

Water Quality
Figure 4.15 describes the percent of runoff cleaned by each of the customizable
policies. In line with the other results, the runoff cleaned had the same appearance as the
impervious area managed chart as all of the policies have the same water quality
requirement.
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Figure 4.15

Runoff Cleaned by Customizable Policies

Customizable Policy 2: Varying Detention Event
A description of the customizable policies and the results of the modeling can be
found in Tables 4.14 through 4.16. This Customizable policy varied the detention
requirement from the 1-year, 24-hour to the 100-year, 24-hour event while holding all
other variables constant to the Chattanoogan policy. Results concerning detention are
further explored in the following sections. Further expounding on project count,
impervious area managed, and water quality are omitted as all policies will have the same
results because only the detention requirement was varied in this set of customizable
policies.
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Table 4.14

Customizable Policy Description: Varying Detention Event

Customizable
Policy Name
Detention
Requirement:
1-year, 24-hour
Detention
Requirement:
2-year, 24-hour
Detention
Requirement:
5-year, 24-hour
Detention
Requirement:
10-year, 24-hour
Detention
Requirement:
25-year, 24-hour
Detention
Requirement:
100-year, 24-hour

Table 4.15

Applicability
Threshold
Include projects
with 5,000 ft2 or
more of impervious
area added
Held constant

Detention
Requirement
Manage the 1-year,
24-hour storm
event

Water Quality
Requirement
Clean runoff for the
95th Percentile
Event

Manage the 2-year,
24-hour storm
event
Manage the 5-year,
24-hour storm
event
Manage the 10year, 24-hour storm
event
Manage the 25year, 24-hour storm
event
Manage the 100year, 24-hour storm
event

Held constant

Impervious Area
Managed (acres)
83.01

Runoff Cleaned
(ft3)
5,130,481

Held constant
Held constant
Held constant
Held constant

Held constant
Held constant
Held constant
Held constant

Summary of General Results

Policy Name

Project Count

Customizable
Policy: Varying
Detention
Requirements

84
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Table 4.16
Policy
Name
1-year,
24hour
2-year,
24hour
5-year,
24hour
10year,
24hour
25year,
24hour
100year,
24hour

Summary of Detention Results

1-year
Detention
(ft3)
7,703,671

2-year
Detention
(ft3)
7,703,671

5-year
Detention
(ft3)
7,703,671

10-year
Detention
(ft3)
7,703,671

25-year
Detention
(ft3)
7,703,671

100-year
Detention
(ft3)
7,703,671

7,703,671

8,601,004

8,601,004

8,601,004

8,601,004

8,601,004

7,703,671

8,601,004

9,602,127

9,602,127

9,602,127

9,602,127

7,703,671

8,601,004

9,602,127

10,262,103

10,262,103

10,262,103

7,703,671

8,601,004

9,602,127

10,262,103

11,010,464

11,010,464

7,703,671

8,601,004

9,602,127

10,262,103

11,010,464

11,520,465

Figure 4.16 demonstrates the percent of runoff from storm events that is managed
by each of the customizable policies. The runoff managed by a policy for each storm
event depends greatly on the applicability threshold and the detention requirement. In this
case, the applicability threshold is held steady. This helps to expose the effect of the
detention requirement on the amount of runoff managed. As previously explained, all
runoff is considered to be managed until the detention requirement event is reached.
Beyond the amount of runoff associated with the detention requirement event, excess
runoff is considered unmanaged. Therefore, the 100-year, 24-hour detention event policy
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managed the most runoff, and each event with a smaller detention requirement managed
less runoff with the 1-year 24-hour policy managing the least amount of runoff.

Figure 4.16

Runoff Managed by Storm Event by Customizable Policies

Customizable Policy 3: Multiple Event Detention Based on Impervious Area
A description of the customizable policies and the results of the modeling can be
found in Tables 4.17 through 4.19. This Customizable policy required detention for
multiple events based on projects’ impervious area while holding all other variables
constant to the Chattanoogan policy. Results concerning detention are further explored in
the following sections. Further expounding on project count, impervious area managed,
and water quality are omitted as all policies will have the same results because only the
detention requirement was varied in this set of customizable policies.
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Table 4.17

Customizable Policy Description: Multiple Event Detention Based on
Impervious Area

Customizable
Policy Name
Multiple Event
Detention: 1,000 ft2

Applicability
Threshold
Projects with less than
1,000 ft2 of
impervious area
added
Projects with 1,000 ft2
or more of impervious
area added

Detention
Requirement
Manage the 2-year,
24-hour storm
event

Projects with less than
5,000 ft2 of
impervious area
added
Projects with 5,000 ft2
or more of impervious
area added

Manage the 2-year,
24-hour storm
event

Projects with less than
10,000 ft2 of
impervious area
added
Projects with 10,000
ft2 or more of
impervious area
added
Multiple Event
Projects with less than
Detention: 0.5 acres 0.5 acres of
impervious area
added
Projects with 0.5
acres or more of
impervious area
added
Multiple Event
Projects with less than
Detention: 1 acre
1 acre of impervious
area added

Manage the 2-year,
24-hour storm
event

Multiple Event
Detention: 5,000 ft2

Multiple Event
Detention: 10,000
ft2

Manage the 25year, 24-hour storm
event
Held constant

Manage the 25year, 24-hour storm
event
Held constant

Manage the 25year, 24-hour storm
event
Manage the 2-year,
24-hour storm
event

Held constant

Manage the 25year, 24-hour storm
event
Manage the 2-year,
24-hour storm
event;

Projects with 1 acre or Manage the 25more of impervious
year, 24-hour storm
area added
event
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Water Quality
Requirement
Clean runoff for
the 95th
Percentile Event

Held constant

Table 4.18

Summary of General Results

Policy Name

Project Count

Customizable
Policy: Multiple
Detention Event
(based on
impervious area)

288

Table 4.19
Policy
Name
Multiple
Event
Detention
: 1,000 ft2
Multiple
Event
Detention
: 5,000 ft2
Multiple
Event
Detention
: 10,000
ft2
Multiple
Event
Detention
: 0.5 acres
Multiple
Event
Detention
: 1 acre

Impervious Area
Managed (acres)
93.28

Rainfall Cleaned
(ft3)
5,765,231

Summary of Detention Results
1-year
Detentio
n (ft3)
8,656,78
0

2-year
Detentio
n (ft3)
9,665,13
2

5-year
Detention
(ft3)
10,787,52
6

10-year
Detention
(ft3)
11,527,44
9

25-year
Detention
(ft3)
12,366,46
3

100-year
Detention
(ft3)
12,366,46
3

8,656,78
0

9,665,13
2

10,666,25
5

11,326,23
0

12,074,59
2

12,074,59
2

8,656,78
0

9,656,13
2

10,245,88
0

10,888,71
8

11,605,17
4

11,605,17
4

8,656,78
0

9,656,13
2

9,438,784

10,014,39
3

10,667,08
9

10,667,08
9

8,656,78
0

9,656,13
2

8,077,310

8,559,341

9,105,928

9,105,928

Figures 4.17 through 4.22 demonstrate the percent of runoff from storm events
that is managed by each of the customizable policies. The runoff managed by a policy for
each storm event depends greatly on the applicability threshold and the detention
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requirement. As previously explained, all runoff is considered to be managed until the
detention requirement event is reached. Any amount above the runoff associated with the
detention requirement event is considered unmanaged.
With policies having a combination of detention requirements such as these, all
runoff is considered managed until the first storm event, the 2-year, 24-hour storm, is
reached. At this point, runoff larger than the 2-year, 24-hour storm is considered
unmanaged for all projects with impervious area less than the set break point. When the
second storm event, which is the 25-year, 24-hour storm, is reached, all excess runoff is
considered unmanaged for all projects with impervious area equal or greater than the set
break point. Figure 4.17 illustrates this concept. Runoff managed by each policy
remained constant until the 2-year, 24-hour event. At this point, the runoff managed
decreased for each of the policies with the policy with the 1,000 ft2 break point
decreasing the least and the policy with the 1-acre break point decreasing the most. The
runoff managed continued to decrease for each of the policies for each of the storm
events. After the 25-year, 24-hour storm event was reached, a large decrease in the
amount of runoff managed occurred.
Figures 4.18 through 4.22 help to further clarify this concept by examining each
multiple detention policy at a time in comparison to a single detention policy requiring
only the 2-year, 24-hour storm event and one requiring only the 25-year, 24-hour storm
event.

66

Figure 4.17

Runoff Managed by Storm Events by Customizable Policies

Figure 4.18

Runoff Managed by Storm Event for Multiple: 1,000 ft2 and Comparison
Policies
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Figure 4.19

Runoff Managed by Storm Event for Multiple: 5,000 ft2 and Comparison
Policies

Figure 4.20

Runoff Managed by Storm Event for Multiple: 10,000 ft2 and Comparison
Policies
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Figure 4.21

Runoff Managed by Storm Event for Multiple: 0.5 acres and Comparison
Policies

Figure 4.22

Runoff Managed by Storm Event for Multiple: 1 acre and Comparison
Policies
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Customizable Policy 4: Multiple Event Detention Based on Land Use
A description of the customizable policies and the results of the modeling can be
found in Tables 4.20 through 4.22. This Customizable policy required detention for
multiple events based on projects’ land use type while holding all other variables constant
to the Chattanoogan policy. Based on the development data, Chattanooga has 84%
residential projects, 11% commercial projects, and 5% industrial projects. Results
concerning detention are further explored in the following sections. Further expounding
on project count, impervious area managed, and water quality are omitted as all policies
will have the same results because only the detention requirement was varied in this set
of customizable policies.
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Table 4.20

Customizable Policy Description: Multiple Event Detention Based on Land
Use

Customizable
Policy Name
Multiple Event
Detention A

Applicability
Threshold
Include projects
with 5,000 ft2 or
more of
impervious area
added
Multiple Event Held constant
Detention B

Multiple Event Held constant
Detention C

Multiple Event Held constant
Detention D

Table 4.21

Detention Requirement

Water Quality
Requirement
Clean runoff for
the 95th
Percentile Event

Manage the 25-year, 24-hour
storm event for commercial
and industrial projects;
Exclude residential projects
Manage the 10-year, 24-hour
storm event for commercial
projects; Manage the 25-year,
24-hour storm event for
industrial projects; Exclude
residential projects
Manage the 2-year, 24-hour
storm event for residential
projects; Manage the 25-year,
24-hour storm event for
commercial and industrial
projects
Manage the 2-year, 24-hour
storm event for residential
projects; Manage the 10-year,
24-hour storm event for
commercial projects; Manage
the 25-year, 24-hour storm
event for industrial projects

Held constant

Held constant

Held constant

Summary of General Results

Policy Name

Project Count

Customizable
Policy: Multiple
Detention Event
(based on land use)

84

Impervious Area
Managed (acres)
83.01
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Runoff Cleaned
(ft3)
5,130,481

Table 4.22
Policy
Name
Multiple
Event
Detention
A
Multiple
Event
Detention
B
Multiple
Event
Detention
C
Multiple
Event
Detention
D

Summary of Detention Results
1-year
Detention
(ft3)
4,628,481

2-year
Detention
(ft3)
5,167,612

5-year
Detention
(ft3)
5,769,102

10-year
Detention
(ft3)
6,165,625

25-year
Detention
(ft3)
6,615,252

100-year
Detention
(ft3)
6,615,252

4,628,481 5,167,612 5,769,102

6,165,625

6,346,198

6,346,198

7,703,671 8,601,004 9,202,494

9,599,017

10,048,644 10,048,644

7,703,671 8,601,004 9,202,494

9,599,017

9,779,590

9,779,590

Figures 4.23 through 4.27 demonstrate the percent of runoff from storm events
that is managed by each of the customizable policies. The runoff managed by a policy for
each storm event depends greatly on the applicability threshold and the detention
requirement. As previously explained, all runoff is considered to be managed until the
detention requirement event is reached. Any amount above the runoff associated with the
detention requirement event is considered unmanaged.
Specific to these policies, all runoff is considered managed until the first storm
event, the 2-year, 24-hour storm, is reached. At this point, runoff larger than the 2-year,
24-hour storm is considered unmanaged for all projects with impervious area less than
the set break point. When the next storm event, which is the 10-year, 24-hour storm or
the 25-year, 24-hour storm, is reached, all excess runoff is considered unmanaged for all
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projects with impervious area equal or greater than the set break point. This follows again
with the 25-year, 24-hour storm if the three storms are included in the policy. Figure 4.23
illustrates this concept. As expected, the larger the detention requirement for the most
number of projects created the higher the percentage of runoff managed.
Figures 4.23 through 4.27 help to further clarify this concept by examining each
multiple detention policy at a time in comparison to a single detention policy requiring
the 2-year, 24-hour storm event for all included projects, one requiring the 10-year, 24hour storm event for all included projects, and one requiring the 25-year, 24-hour storm
event for all included projects where appropriate.

Figure 4.23

Runoff Managed by Storm Event by Customizable Policies
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Multiple Event Detention policies A and B, which exclude residential projects
from the detention requirement, clearly managed less runoff than the comparison
policies, which include all projects that meet the applicability threshold.

Figure 4.24

Runoff Managed by Storm Event for Multiple Event Detention A

Multiple Event Detention A: Exclude residential and manage 25-year, 24-hour event for
commercial and industrial
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Figure 4.25

Runoff Managed by Storm Event for Multiple Event Detention B

Multiple Event Detention B: Exclude residential, manage 10-year 24-hour for
commercial, and manage 25-year, 24-hour for industrial
Multiple Event Detention policies C and D, which include residential projects in
the detention requirement, clearly provided an intermediate solution, which lands
between requiring all included projects to meet a small detention requirement and
requiring all included projects to meet a large detention requirement.
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Figure 4.26

Runoff Managed by Storm Event for Multiple Event Detention C

Multiple Event Detention C: Manage 2-year, 24-hour event for residential and manage
25-year, 24-hour event for commercial and industrial

Figure 4.27

Runoff Managed by Storm Event for Multiple Event Detention D

Multiple Event Detention D: Manage 2-year, 24-hour event for residential, manage 10year, 24-hour event for commercial, and manage 25-year, 24-hour event for industrial
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Customizable Policy 5: Varying Water Quality Event
A description of the customizable policies and the results of the modeling can be
found in Tables 4.23 through 4.25. This Customizable policy varied the water quality
requirement from the 1-inch event to the 95th percentile event while holding all other
variables constant to the Chattanoogan policy. Results concerning water quality are
further explored in the following sections. Further expounding on project count,
impervious area managed, and detention are omitted as all policies will have the same
results because only the water quality requirement was varied in this set of customizable
policies.
Table 4.23

Customizable Policy Description: Varying Water Quality Event

Customizable
Policy Name
Water Quality
Requirement: 1inch Event
Water Quality
Requirement: 90th
Percentile Event
Water Quality
Requirement: 95th
Percentile Event

Table 4.24

Applicability
Threshold
Include projects
with 5,000 ft2 or
more of impervious
area added
Held constant

Detention
Requirement
Manage the 25year, 24-hour storm
event

Water Quality
Requirement
Clean runoff for the
1-inch Event

Held constant

Held constant

Held constant

Clean runoff for the
90th Percentile
Event
Clean runoff for the
95th Percentile
Event

Summary of General Results

Customizable Policy Name
Water Quality Requirement:
1-inch Event
Water Quality Requirement:
90th Percentile Event
Water Quality Requirement:
95th Percentile Event

Project
Count
84

Impervious Area
Managed (acres)
83.01

Runoff Cleaned
(ft3)
2,851,881

84

83.01

3,946,509

84

83.01

5,130,481
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Table 4.25
Customizable
Policy
Name
Varying
Water
Quality Requirement

Summary of Detention Results

1-year
Detention
(ft3)

2-year
Detention
(ft3)

5-year
Detention
(ft3)

10-year
Detention
(ft3)

25-year
Detention
(ft3)

100-year
Detention
(ft3)

7,703,671

8,601,004

9,602,127

10,262,103

11,010,464

11,010,464

Figure 4.28 describes the percent of runoff cleaned by each of the customizable
policies. As event size increased from the 1-inch event to the 90th percentile event and
then the 95th percentile event, the amount of runoff cleaned naturally increased as well.

Figure 4.28

Runoff Cleaned by Customizable Policies
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DISCUSSION
Introduction
This chapter discusses the results of the study. It must be noted that the results are
not designed to be definitive as runoff managed is only for project areas; instead, they
serve as proof of the model. Results obtained from modeling policies such as the number
of projects triggered, impervious area managed, runoff cleaned, and runoff managed may
be capable of providing the information necessary to determine what policy is best for the
municipality. Well-defined goals and objectives are necessary for a successful
stormwater management program (Debo and Reese 2003, 50). Knowing their unique
goals, a municipality is able to consider the outputs received from the tool in order to
determine what combination of variables best serves their city and its development
patterns.
Project Information
Excluding projects with zero or negative change in impervious area, this study of
288 projects from the City of Chattanooga is representative of the city’s current
development pattern with a majority of residential projects followed by commercial and
lastly industrial projects. With a total of 240.84 acres of disturbed area and 93.28 acres of
new impervious area as well as an additional 127,373,247 cubic feet of runoff on average
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each year, it is clear that a well-chosen stormwater policy is vital for meeting the desired
goals of the city.
Policies
Simplified Policies
The simplified policies represent different phases in stormwater management as
previously described through Debo and Reese’s (2003) stormwater management
paradigms. The Traditional policy represents ordinances that were first formed in the
early 1970’s. They recommended the used of detention ponds and peak flow reduction,
which came into play with the beginning of modern stormwater master planning (Debo
and Reese 2003, 3-5). Therefore, they focused on flood protection, which is seen in the
Traditional policy with its large applicability threshold and detention requirement. When
modeled, the Traditional policy maintained the same amount of runoff until the 25-year,
24-hour event, representing flood protection attempts. Moving through paradigms that
become more concerned with urban sustainability and ecosystem protection (Burian
2002), stormwater management focused on meeting regulations geared towards holistic
watershed health (Debo and Reese 2003, 5-9).
Shifting towards Debo and Reese’s “green and bear it” paradigm, stormwater
management became more concerned with sustainable and maintainable systems,
balancing ecosystems with development, and working at a small scale for accumulated
results (Debo and Reese 2003, 9). The Green Infrastructure policy represents this
paradigm, which is clearly seen in the results. The small applicability threshold leads to
an increased number of projects included, impervious area managed, and runoff cleaned
as a larger cumulative result. Depending on its goals, which paradigm a city currently
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follows or wishes to begin following can help its planners in deciding which policies to
model and inform them of how their city would respond based on its actual development.
Model Policies
Municipalities are inclined to develop their policies by examining those of nearby
districts (Center for Watershed Protection 2008, 5.2). They also tend to look at wellrecognized programs such as Portland, a current leader in stormwater management, or at
other municipalities with similar political or economic climates whether or not the
program was applicable to their environment (Dolowitz et al. 2012, 506). Unfortunately,
most municipalities will choose convenient policies that seem similar rather than
performing a thoughtful, scientific search (Dolowitz et al. 2012).
For this reason, policies from different regions were chosen, including Portland’s,
which is considered to be a leader in stormwater management. While a city such as
Chattanooga may choose the Atlantan or Chicagoan for its relative closeness or the
Portlandian because it is recognizable, it is clear from the modeling results that some
policies fair better than others given Chattanooga’s real development and environmental
considerations.
For example, the Atlantan policy performed very poorly on runoff managed. This
is due to the fact that single-family residential projects were excluded from detention
requirements. Given the fact that Chattanooga’s development is mostly residential, the
policy did not include a majority of the projects. Outside of this tool, if Chattanooga were
to choose the Atlantan policy because it is a nearby municipality with a recognizable
stormwater policy, they would not fair well in terms of managing runoff, which may be a
primary goal of the city. Again, which policy is preferable is dependent upon the city’s
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goals; however, the tool reveals that not all policies are created equal when used for a
specific city. The tool has the ability to show a city such as Chattanooga the effects of
choosing policies from specific cities in this study including Portland, Chicago, and
Atlanta.
Customizable Policies
Model stormwater ordinances, which can be implemented at the local level with
some amount of customization, are fairly common among states and regional agencies
(Center for Watershed Protection 2008, 5.2). This tool gives the opportunity to examine
such a policy by entering the relevant inputs and then changing the variables of
applicability threshold, detention requirement, and water quality requirement to examine
the effect on the city’s stormwater management.
From the results of this study, it is clear that as the applicability threshold
increases, there is an increase in the number of projects that must comply with the policy.
The rate of decrease between each of the applicability thresholds could help a city decide
if they wish to increase or decrease their applicability threshold based on the rate of
increase or decrease in the number of projects they must manage. The same argument can
be made for the impervious area managed. Area managed decreases as the applicability
threshold increases. Seeing the outcome of different applicability thresholds through this
output could be informative to a city focused on managing a certain percentage of
impervious area.
Examining project count versus impervious area managed can be extremely
helpful in informing a city on their choice of applicability threshold. Weighing the cost
versus benefit of time spent managing projects versus completeness of stormwater
82

management, a city can use this output to determine which applicability threshold can
best serve their city’s real development. Having more resources can allow a program to
choose a smaller threshold, which captures more sites and addresses stormwater from
more projects. However, using a lower threshold and moving towards the meaning of
“green and bear it” means there will be more plans to review, more sites to inspect, and
more BMPs to maintain (Center for Watershed Protection 2008, 5.6)
Multiple event detention, as explored in the Customizable policy, can be based on
factors such as impervious area or land use. Exploring the results of these policies, a city
has the opportunity to consider a policy that can benefit both stormwater management
and community development. As witnessed in this study, by requiring smaller projects or
residential projects to meet smaller detention requirements while larger projects or other
types of projects meet larger detention requirements, policies can maintain a high
percentage of runoff managed and put less of a burden on smaller or residential projects
at the same time. For a municipality interested in such an opportunity, this tool can aid in
determining the best combination for meeting their desired goals. Georgia’s Stormwater
Management Manual explores the use of multiple detention requirements in such a
manner for meeting such goals as steam channel protection, overbank flood protection,
and extreme flood protection. Managing various design storms can achieve goals for
various concerns (Atlanta Regional Commission 2001, 4.4).
This tool allows a city the opportunity to put in their unique, current policy to
assess it or to manipulate individual variables to test their effects. The city can also create
a policy from scratch in order to discover a policy that best meets their goals.
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Tool Outputs
Ultimately, the usefulness of the outputs determines the usefulness of the tool.
Whether stormwater planners are able to use the information provided by the tool will
determine if the tool is beneficial in stormwater policy decision making.
Project Count and Impervious Area Managed
Concerning the number of projects included, programs with more resources will
most likely prefer to have a lower applicability threshold, which will result in more
projects included (Center for Watershed Protection 2008, 5.6). Conversely, programs
with fewer resources will most likely be interested in having fewer projects to manage.
Depending on the number of projects a city is comfortable with handling in a year’s time,
this information can inform which applicability threshold is most appropriate for their
city’s stormwater policy. Additionally, if a municipality has a set goal for the minimum
percentage of all new impervious area they wish to manage, they can use this output to
narrow down their applicability threshold options.
The combination of how many projects are included and how much impervious
area is managed is especially valuable for a city that is aiming to find a balance between
cost and benefit in terms of stormwater management. For example, the Portlandian,
Atlantan, and Green Infrastructure Policy are all clearly reaching the highest percentages
of impervious area; however, they are also including nearly three times as many projects
as the next policy. On the other hand, if a municipality has set a goal of managing at least
85 percent of the new impervious area, then a policy similar to the Chattanoogan would
reach that goal while only requiring that 29 percent of the projects be required to comply
with the policy.
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Runoff Managed
Again, runoff managed is an instance in which the specific goals and capabilities
of a city will need to be considered. Nevertheless, the information provided by the tool
can be used in conjunction with that knowledge to determine which policies have the
most potential for success locally.
Runoff Cleaned
Regulations often require that a certain amount of runoff be cleaned. The
Environmental Protection Agency endorses managing runoff through infiltration to the
maximum extent practical in order to treat for both water quantity and water quality
(Environmental Protection Agency 2012, 10). For municipalities with a set goal for water
quality, being able to compare the percent of runoff cleaned by each policy is extremely
important.
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CONCLUSIONS
Introduction
Based on one-year of development data from Chattanooga, Tennessee, this study
uses a model to incorporate local rainfall and development data in order to analyze
stormwater runoff volume for various storm events by utilizing the SCS Runoff Curve
Number Method. The values calculated are then used to analyze several combinations of
applicability thresholds, detention requirements, and water quality requirements in order
to represent different potential policy choices. Of course, these policy choices can vary
depending on the community’s goals. This section will discuss conclusions made
concerning the utility of this tool.
Conclusion
As water professionals recognize, stormwater management can be an engineering
issue, a planning issue, or both (Cettner et al. 2012a). For this reason, stormwater
management entities must have strong technical guidance, capabilities, and resources
both in-house and with outside consultants. This results in manuals, websites, and master
plans that are complete, clear, and informative (Debo and Reese 2003, 51). A policy that
is sustained by an informed, scientific process produces regulations that policy makers
can confidently support and that block resistance. For easy implementation, science must
be transformed into a simple policy (Drescher 2011, 2). The stormwater management
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policy tool in this study does just that by taking stormwater runoff, incorporating policy
options, and engendering the opportunity to build a clear stormwater management policy.
While easy to comprehend, the policy created based on the use of this tool is corroborated
by scientific inquiry and testing.
This study results in a quantitative analysis of stormwater mitigated in the city
and can help inform policy makers on decisions concerning applicability thresholds and
detention requirements to best meet their goals. The modeling tool presented helps to
elucidate which combination of policy components will be successful in addressing local
conditions and stormwater goals. While this study utilized one year of development data
from Chattanooga, Tennessee, the tool can be widely applied if modified to an individual
city’s climate and development data. It has the ability to influence the policy-making
decision process and, ultimately, is capable of offering policy component combinations
that can be credibly supported through the use of this tool.
Ultimately, based on the data available, the stormwater management policy
decision-making tool in this study does provide the necessary information required for a
city to choose the best combination of policy components including applicability
threshold, detention requirement, and water quality requirement for real development
according to its own stormwater management goals and objectives.
Limitations
Limitations of this study vary from absence of specific data available to the
narrow testing of the tool. Limitations in the project data include a lack of specific site
conditions such as soil type and predevelopment ground cover. In this study, one soil type
was determined as a representation of Chattanooga but is not site specific. Likewise, a
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single predevelopment ground cover was assumed for all sites. It was assumed that the
project areas changed from open space in fair condition (grass cover 50% to 75%) with a
curve number of 69 to impervious area such as paved parking lots, roofs, and driveways
with a curve number of 98.
In this study, only projects with a positive change in impervious area were
included. Projects with a negative or no change in impervious area were not included in
the data set. Therefore, this study does not account for projects from which impervious
area was removed through demolition. Additionally, runoff is only considered as excess
rainfall generated from the impervious area of projects included in the data set.
Consequently, it does not account for runoff from all of Chattanooga’s land, the other
areas of each project site, or an existing management of stormwater.
Ultimately, this is a relative tool based on the projects included. In this study, this
was project data from a one-year time period. For further applications, it should be
determined how much data is enough to influence making policy decisions. Likewise,
this study only tested the tool using one city’s data; accordingly, further testing is
advised.
Future Research and Development
The stormwater management policy decision-making tool discussed in this study
should be coded into a widely applicable program. This could be a web-based interface or
a downloadable program available through relevant agencies. This program must be easy
to use and have a simple, effective user interface. For example, once the user loads local
development data, he could choose from pre-set policies such as the simplified or model
policies from this study. However, the policies presented in this study are just a sample of
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what could be included in full development of the tool. Beyond the choice of a dozen or
so model policies, he could create his own customizable policy. For this, he could modify
the applicability threshold, detention requirement, and water quality requirement by
adjusting sliders. All these variables adjustment options should appear on the same screen
as the output graphs including project count versus impervious area managed, runoff
managed, and runoff cleaned. This allows the user to adjust one or all of the policy
components and instantaneously see the effect on stormwater management and to
compare the outcomes of the selected policies as seen in the proposed user interface in
Figure 6.1.

Figure 6.1

Proposed User Interface
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The tool could also be programmed to include an optimization approach, which
allows the user to start with his goals for impervious area managed, runoff managed, and
runoff cleaned. He would then discover the range of policy variables that lead to meeting
his goals for stormwater management.
In the future, this tool could be developed further to include more project
information and test more variance within the components. This could include using
location information to encourage development in certain zones or to provide extra
protection in certain watersheds. Programs may include special provisions for specific
local water sources of concern or importance (Center for Watershed Protection 2008, 5.85.9). Other potential options include addressing redevelopment versus new development
and brownfield development versus greenfield development by treating each differently
through the policy components. Additionally, further development of the tool could
address whether the policy dictates meeting pre-settlement conditions or predevelopment
conditions, which would necessitate defining both clearly. Information gathered should
include project type, project area, and new impervious area at a minimum and can also
location, redevelopment or new development, and brownfield or greenfield depending on
the topics of interest.
In addition to being used by a city to inform its policy, the tool could be used to
study stormwater paradigms and their potential effect in real city development. This
could help inform the national debate concerning what people understand conceptually
about these paradigms by exploring their effect on stormwater management using actual
development data.
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The tool should be available to users hand-in-hand with an educational
component. This must inform the user of how to operate the tool, show him what all he
can test through it, and help him to interpret the outputs so that he may make policy
decisions based on his city’s goals for stormwater management.
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